The unique local structure with (Li + (H 2 O) 2 ) n polymer-like aggregation in superconcentrated LiNO 3 aqueous solution assists in stabilizing the aqueous solution at extreme potentials. Such molecular-level and quantitative understanding will further assist in tailor designing more effective approaches to stabilizing water electrochemically.
INTRODUCTION
Aqueous Li-ion batteries (LIBs) are receiving considerable attention [1] [2] [3] [4] [5] [6] because of their non-flammable nature, low toxicity, and low production cost. They promise very tempting alternatives to the state-of-the-art LIBs that rely on highly flammable and toxic non-aqueous electrolytes; 7, 8 however, their inherently narrow electrochemical stability window (1.23 V) of water sets an upper limit on the practical voltage and energy output. It has been a scientific challenge to eliminate this ultimate restriction by stabilizing water thermodynamically, especially on the anode side where water is reduced to evolve hydrogen. Adjusting pH has been a popular practice in fabricating aqueous energy storage devices, which proved effective in suppressing hydrogen evolution at the anode, 3, 9 but this practice is always accompanied by corresponding compromise in stability at the other electrode because the overall electrochemical stability window of aqueous electrolytes remains constant at 1.23 V as governed by a Pourbaix diagram. 2 Kinetic protection presents a more practical alternative through the formation of an interphase on the electrode surface, which is similar to the well-understood solid-electrolyte interphase (SEI) in non-aqueous LIBs, although a dense deposition of protective layer in an aqueous medium has not been deemed possible until recently. The groundbreaking work by Suo et al., followed by Yamada et al., opens a new avenue in this
The Bigger Picture
Because of their non-flammable nature, low toxicity, and low production cost, aqueous Li-ion batteries (LIBs) promise very tempting alternatives to the stateof-the-art LIBs that rely on highly flammable and toxic non-aqueous electrolytes. However, the intrinsic narrow electrochemical stability window (1.23 V) of water sets an upper limit on the practical voltage and energy output. Here, we report a super-concentrated (unsaturated) LiNO 3 -based aqueous electrolyte that effectively expands the aqueous stability window to 2.55 V. We further revealed that a unique local structure with (Li + (H 2 O) 2 ) n polymer-like aggregation arises at the super-concentration, which assists in stabilizing the aqueous solution at extreme potentials via both thermodynamic and kinetic contributions. This fundamental revelation of liquid structure and its effect on the electrochemical stability window provides a new pathway for designing highvoltage aqueous electrolytes. direction 2, 3, 6, [10] [11] [12] with the adoption of a few selected Li salts at extremely high concentrations (>20 M). Electrochemical stability windows of these aqueous electrolytes was expanded to >3.0 V but with the strict confinement to only a few costly Li salts with anions bearing perfluorinated alkyl substituents. The expanded voltage window in these works was attributed to the scarcity of free water molecules as a result of high salt concentration (thermodynamic) and the formation of a protective SEI of anion origin (kinetic), respectively.
Although these pioneering efforts led to unprecedented stabilization of aqueous electrolytes, such improvements were achieved with expensive Li salts such as lithium bis(trifluoromethane sulfonyl)imide (LiTFSI), 2 lithium bis(pentafluoroethane sulfonyl)imide (LiBETI), 6 and lithium trifluoromethane sulfonate (LiOTF), 10 whose adoption in large-scale applications raises questions. On the fundamental level, there was also little understanding about how the individual thermodynamic and kinetic factors contribute to the expanded voltage windows. In particular, these super-concentrated aqueous solutions present completely new realms of solutions, whose local structure should significantly differ from those well established for dilute aqueous solutions, 13 and hence directly dictate the thermodynamic states of water molecules and salt anions and thus their corresponding electrochemical behaviors. Although in a more recent work some of these authors realized the possible existence of unique local structures in those super-concentrated electrolytes, 14 they failed to make a direct correlation to the electrochemical stability, let alone quantitatively differentiate the contributions from thermodynamic and kinetic factors to such new electrochemical properties.
Here, we report a super-concentrated (unsaturated) aqueous electrolyte that is based on a commodity Li salt, LiNO 3 and effectively expands the aqueous stability window to 2.55 V without the need to form a protective SEI. Combining theoretical and experimental approaches, we identified a local structure in the solution as the result of a condensed Li + -hydration sheath, whose self-assembly into linear aggregation between Li + and water molecules generates (Li + (H 2 O) 2 ) n polymer-like chain.
In such polymer-like aggregation, a great number of Li + pairs share water molecules, and the hydrogen-bonding network, ubiquitous in neat water or diluted aqueous solutions, was replaced by intimate Li + -O H (water oxygen) interactions. Molecular dynamics (MD) simulations and pair-distribution function (PDF) using high-energy X-ray diffraction revealed that the distance between the two water oxygen atoms in the Li + -O H chain is only 3.1 Å . Further theoretical calculations combined with calorimetry studies precisely determined the thermodynamic contribution from the chain-like aggregation to be only 0.015-0.029 V, which is far outweighed by the electrochemical measurement (about 0.6-0.7 V). This quantitative differentiation not only sheds light on the hitherto unexplored local structure of super-concentrated aqueous solutions but also provides molecular-level understanding and guidelines to further tailor the electrochemical properties of these electrolyte materials. Figure S1 ). The latter number approaches the super-concentrated aqueous electrolytes named either water-in-salt (2.6), 2 water-in-bisalt (2.0), 10 or hydrate melt (2.0). 6 Although the unsaturated or satu- When the salt concentration increases to S/W = 1:4, the number of free water molecules rapidly drops to 10.6% ( Figures 1C and S4) ; at S/W = 1:2, only 1.2% of water molecules are still free ( Figures 1D and S4 ). By contrast, with increasing salt concentration, more and more Li + ions appear in pairs because they tend to partially share the primary water sheaths with each other; thus the number of water molecules shared by Li + increases accordingly. This process bears close resemblance to the 2 ) n polymer-like chain structure predicted by MD simulations, the atomic PDF analysis using high-energy X-ray diffraction was conducted at beamline 11-ID-C at the Advanced Photon Source with light wavelength of 0.11729 Å for pure water and PDF analysis using high-energy X-ray diffraction and the MD simulations ( Figure 2D ), which further validates the existence of the (Li + (H 2 O) 2 ) n polymer-like chain structure generated in super-concentrated LiNO 3 aqueous electrolyte.
RESULTS AND DISCUSSION
Raman spectroscopy was used to further characterize the O H -H stretching vibration modes at different Li + concentrations ( Figure 2E ). In pure water, various water molecules with different hydrogen-bonding environments form water molecular clusters, leading to a broad Raman band consisting of several components of the O H -H stretching vibration. This result indicates that most of the water molecules remain free from coordination with Li + . As LiNO 3 concentration increases, a new peak at 3,487 cm À1 appears with simultaneous disappearance of the broad band,
indicating the diminishing population of water molecules at such extreme concentrations. As a comparison, the O H -H stretching vibration modes of water molecules in LiTFSI solution were also characterized at different concentrations ( Figure S12 ). The resultant Raman spectra are consistent with the previous reported results 2, 6 and bear striking similarities to the spectra of LiNO 3 solutions. Additional evidence comes from the infrared spectroscopy (IR) analysis of LiNO 3 solutions, which was carried out in So the interaction between the water molecule and the Li ion is stronger than the hydrogen bond between the water molecules. Therefore, in super-concentrated aqueous solution, the limited water population will lead to the diminishing hydrogen bond and the increase in Li + -O H (water oxygen) interactions.
Expanding the Electrochemical Window
The electrochemical stability windows of the LiNO 3 aqueous solutions with S/W = 1:55 and 1:2.5 are demonstrated in Figure 3A , where linear sweep voltammetry was conducted on Pt electrodes using a scan rate of 10 mV s Using MD simulations, we attempted to quantitatively differentiate the contributions to the expanded window (see details in Figure S15 and Supplemental Information Section S2). Figure 3B shows the simulated curve of potential energy versus concentration for LiNO 3 solution. We can see that the potential energy shows a linear relationship with the concentration in dilute solution (e.g., from S/W = 1:10 to S/W = 1:50) and highly concentrated solution (e.g., from S/W = 1:2 to S/W = 1:5), respectively. The slope of such energy versus concentration curve indicates the latent heat (Q) of the solution, and the thermodynamic extension can thus be obtained by comparing the difference between the latent heats in diluted and super-concentrated states. Based on this technique, the thermodynamic contribution to the electrochemical stability is estimated to be 0.030(7) V. Thermal titration experiments further verify this quantitative assignment (see more details in Supplemental Information Section S2). The integrated dilution heats (Q) versus the concentration for LiNO 3 solution (black curve) and LiTFSI solution (red curve) are shown in Figure 3C . We can clearly see that the Q value displays a nearly linear relationship with the salt concentration in both diluted (e.g., from S/W = 1:10 to 1:50) and superconcentrated solutions (e.g., from S/W = 1:2.5 to 1:6) both for LiNO 3 and for LiTFSI aqueous solutions, in good agreement with the MD simulated results ( Figure 3B) . Thus, the thermodynamic extension is estimated to be 0.015(5) V both for superconcentrated LiNO 3 and LiTFSI aqueous solutions, close to what MD predicts. Despite the minute difference in values, all the preceding results converge into a single conclusion that the thermodynamic stability of the aqueous electrolytes, as induced by the unique local structure consisting of chain-like aggregation, can indeed be improved by the super-concentration of LiNO 3 , but this contribution is almost negligible (only about 0.01-0.02 V) compared with the overall stabilization as observed by electrochemical measurement (about 0.6-0.7 V). Kinetic factors therefore should have played the major role.
Previous works have attributed the stabilization of aqueous electrolytes to the kinetics protection provided by an interphase formed from reduction of anions (TFSI or BETI) on anode. 2, 3, 6, [10] [11] [12] In our aqueous system based on LiNO 3 , an interphase is not expected, because chemically, LiNO 3 cannot provide any building block that can deposit in dense form from aqueous media. Thus, the kinetic contribution should come only from the unique local structure consisting of intimately connected (Li + (H 2 O) 2 ) n polymer-like chains. For example, because all the charge-transfer process must occur at the electrode surface, if the journey of a single water molecule is visualized during its decomposition, its first step has to be exit from the bulk solution (desolvation), where it either exists in a cluster (in diluted solution) or in (Li + (H 2 O) 2 ) n polymer-like aggregation (in super-concentrated solution), followed by adsorption on the electrode surface. Thus, the different local structure of the single water molecule in diluted solution and super-concentrated solution will lead to the difference in the kinetic barriers in the desolvation process. We can hence attribute the improvements in electrochemical properties mainly to the kinetic contribution, which originates from the unique local structure of intimately connected water and Li + in the (Li + (H 2 O) 2 ) n polymer-like aggregation. Figure S16 shows the cyclic voltammeter curves of LMO and NMC333 electrodes in aqueous electrolytes with different salt concentrations. We can see that the reversibility is improved significantly in super-concentrated aqueous electrolytes. Figures 4A and 4C show the charge-discharge curves of the aqueous LIB using 1:2. 
Conclusions
In summary, a super-concentrated aqueous electrolyte based on LiNO 3 was discovered. It provides an expanded electrochemical stability window of 2.55 V at much lower cost than its counterparts based on LiTFSI, LiBETI, and LiOTF. Extensive MD simulations combined with advanced spectral analysis, including atomic PDF of high-energy X-ray diffraction data, reveal that a unique local structure arises at the super-concentration of LiNO 3 in water, where the limited water population 
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